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ABSTRACT

This study bestows an essential abridged review of the manifestations of carbon capture & storage (CCS) systems and the
ambivalence of quantum-dot & organic photovoltaic (PV) solar cells. This research implicates that CCS system is evolving in
capturing CO, emissions from coal-fired electrical power stations to further mitigate climate change. Different manifestations are
discussed for capturing and storing the CO, with repercussions on operating costs, toxicity and energy efficiency. Chemical Looping
Combustion appears to be the more energy efficient than Oxy-fuel CFBC and lonic Liquids, and less expensive than Calcium Looping
and Amine Scrubbing. Calcium Looping (Cal) and lonic Liquids are also less toxic than Amine Scrubbing. Direct air technology is also
very compelling at capturing CO, emissions but highly expensive. Nevertheless, further research is still required for all CCS systems
to be able to implement them widely in existing/new electrical power stations. Waste heat energy recovery systems can be used in
conjunction with CO, capture systems for further reduction of emissions. The ambivalence of quantum dot and organic solar cells
are briefly reviewed. It implicates that composite film with enhanced quantum dot effects will make the film highly transparent and
options of tunability of its color spectrum make the quantum dot solar cells highly attractive to a wide variety of applications.
Organic solar cells are carbon-rich polymers and can be designed to improve a precise function of the cell, such as sensitivity to a
certain type of light. OPV cells can only be considered as half-competent to crystalline silicon and have smaller beneficial lifespans,
but could be less costly to produce in high volumes. Current research issues are substitution/compromises between electrical power
conversion efficiency and average visible light transmittance. However, improving average light-transmittance decreases electrical
power conversion efficiency and vice versa.
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1. Introduction

The world is, without the shadow of a doubt, becoming a global pollution village, mainly due to

an increase of global population and industrialisation prompted an increase of energy demand [1]
On one hand, climate change needs to be mitigated with progressive technologies and on the othe

r

hand global population need electrical energy for their appliances, heating/cooling requirements and
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the related services need in order to satisfy the social and economic development, welfare and
health. The adoption of the usage of renewable energy sources can assist with the mitigation of
climate change. Such an approach is a vital step toward meeting the energy demands of future
generations. However, a demolition of the coal-fired electrical power stations might affect the
prosperity and affordability of energy requirement to the vast majority of the global population. It is
indeed overwhelming that currently, approximately 1.4 billion people in the world are devoid of
electricity and more than 80% of these people reside in rural areas. Thus, the number of rural
communities that rely on the traditional use of biomass is anticipated to reach 2.8 billion by the year
2030 [2].

Carbon dioxide (C0O,) emissions has long been blamed for climate change [3]. Coal-fired electrical
power stations have an environmental responsibility to remove these emissions due to their
combustion of coal and other fuels. There are different ways to reduce the CO, emissions from an
electrical power station (i.e. by improving the power station’s efficiency so that less coal is burned
[4]). However, A Carbon Capture & Storage System (CCS) is deemed game-changer at reducing the
CO, emissions by specifically lowering the amount of these waste emissions that infiltrate the
atmosphere, and instead storing it underground or in a storage site. The CCS system is beneficial in
places that emit a lot of CO, and there are various benefits/drawbacks of a CCS system, for which
this paper concisely discussed it. By lowering the amount of CO, that reaches the atmosphere, CCS
systems could help to avoid worsening climate change/global warming. However, to date CCS
systems have not been widely used by coal-fired electrical power stations. It is essential to be able to
re-use any wasted energy to become more energy-efficient. This is done by using thermoelectric
devices that convert wasted heat energy to electrical energy [5,6]. Energy-efficiency is a great way to
mitigate climate change. There are different systems for recovering wasted combustive heat energy,
which can be lost industrially or from coal-fired electrical power stations, electric vehicles and etc [7].
The wasted heat energy can then be used as an energy source instead of being deserted. The first
part of the paper is to present the manifestations on critically analysing and reviewing the latest
developments of the Carbon Capture & Storage System (CCS) and waste heat recovery systems.

The second part of this abridged review paper discusses ambivalence of the progressive
photovoltaics technologies such as organic photovoltaic solar cells and quantum dot solar cells and
how the future of these will help in not only mitigating the carbon emissions but also advancing or
modernising the building and electric vehicles glass sheets. As photovoltaic device was first
demonstrated back in the 1800’s, since then the concept of solar technology was well known [8]. An
important technology breakthrough was developed of p-n junction solar cells with silicon, at Bell
laboratory, presented as solar battery [9]. Radiation from the sun is seen as the most abundant
renewable energy source to human. Alexandre Edmond first recorded photovoltaic effect in the year
1839. Silicon has continued to be the dominating material for photovoltaics technology and
developed in a slow but steady fashion over the last 60 years. The latest millennium (2000)
technology revolution contributed to massive expansion of silicon, one of the major contributions in
the silicon development was subsidy grant in Europe and around the world made to radicalize silicon
solar technology, which are still dominating as significant chunk of entire market of photovoltaics
(PV) providing its much greater power conversion efficiency at approximately 15-20% [8,10]. An
understanding of the photo-physics for organic materials is still evolving, yet comprehensive
theoretical models are available for explaining the organic thin film photovoltaic device
characteristics from the basics of properties of materials. The operation of the organic photovoltaics
(OPV) technology and Quantum Dot is theoretically reviewed and their terminologies of
conventionally inorganic p-n junction solar cell to get a qualitative understanding in this paper. An
advancement in OPV is being researched which can be itemised as measures to improve device
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efficiency compared to the existing technologies, these are key factors that attracts global
commercial interest in organic semiconductors [11], includes (a) ability to be deposited at room
temperature on a variety of low cost substrate material (plastic, glass, metal foils), (b) relative ease
of processing, (c) material inherently flexibility and readily available, (d) ultra-low cost, and (e)
environmentally friendly.

2. Carbon capture & storage (CCS) system manifestations
2.1 Manifestation of amine scrubbing

An amine scrubbing manifests slit f CO, from flue gas, typically coal, by utilising a chemical solvent
[12] and an absorption tower. This method has noticeably been around for a long time and is one of
the most achievable approaches to combat global CO, emissions [13]. It has been mainly used in
electrical power stations that are coal-fired [13]. A typical coal-fired power stations are being hinged
to mitigate climate change, through the process of separating the C0,, amine scrubbing is an
effective solution, with a 75-90% CO, capture rate [14]. Innovative Amine Scrubbing technologies
‘can capture CO, with heat duty less than 2.7 MJ/t CO; and equivalent work less than 250 kWh/tCO>’
[5]. Nonetheless, this method requires a large quantity of heat to regenerate the amine solvent (0.72-
1.74 MWt per MWe) [15]. There are alternative configurations of this method that allow for
optimisation but for existing coal-fired electrical power stations, output power reductions may be
necessary [15]. Recent improvements on the features of amine scrubbing are reversible stripping and
advanced stripper configuration. reversible stripping achieves a difference with CO,loading at ‘rich
(5 kPa C0O,at 40 °C) and lean (0.5 kPa at 40 °C) conditions’ giving an idea of capacity and allowing us
to see how efficient this process is in achieving a high CO, removal. Another improvement to the
process is ‘advanced stripper configuration’, which essentially reduces the heat loss as water vapour
by the use of an inter-heated stripper. This configuration is perceived to achieve almost 20% less
energy. Absorption by chemical solvents combined with CO, long-term storage appears to offer
interesting and commercial applicable CO, capture technology’ [16]. However, it is suggested that
the amine scrubbing process could better be optimised when used in a large coal-fired electrical
power stations in order to meet the ‘high regeneration energy cost’.

In particular, the cost of amine scrubbing is considered to be high approximately between 40 and
70 €/tonCO0,) [16]. It influences to the operational and capital cost for coal-fired electrical power
stations. However, with a slight diminution in CO, capture cost can be afforded by the C0O, emission
trading credits generated by amine-based capture system [14]. Amine scrubbing may be considered
a toxic option [17] for CCS when compared to Calcium Looping due to the use of chemical solvents.
The Amine Scrubbing method is yet an effective method for removing C0O, with its high CO, capture
rate, however, it is quite costly and a toxic option as it uses amine solvent chemical. Any typical coal-
fired electrical power station produces a power of 1000 kWh/tCO, released. Thus, by using amine
scrubbing method reduces the output power efficiency of about 20-30%, which is a trade-off [12].

2.2. Manifestation of lonic liquids

This competing method poses the use of ionic liquids (i.e. ammonium, sulfonium, alkyl sulphate
[18]) instead of the chemicals used in Amine Scrubbing. As Amine Scrubbing is ‘very energy intensive’
and ‘due to emissions of the used volatile solvent components’ [18], ionic liquids were proposed as
an alternative. The use of ionic liquids is actually known to be ‘useful for CO, separation from flue
gases’ due to various properties such as ‘reasonable thermal stability’, ‘absorption capacity’, ‘lower
vapour pressure’, etc. lonic liquids are flexible in nature and have potential to decrease the cost of
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CO, capture [18]. lonic liquids are also easier to recycle [12]. However, ‘physical ionic liquids for CO,
capture has lower C0O, absorption capacity at post-combustion conditions [18]. lonic liquids can be
used without water, which reduces energy required for CO, removal [14]. A relationship described
by [12] between the physical properties of the ionic liquids and CO, solubility, as well as into ion
selection, task-specific ionic liquids, and molecular simulations of CO,with ionic liquids. It appears
that the use of ionic liquids may be a better option when compared with Amine Scrubbing due to
solving the issue of further emissions from the amine solvent used in Amine Scrubbing. lonic liquids
are more environmentally-friendly (although not all are biodegradable [18]). The use of ionic liquids
still has drawbacks, such as the price of ionic liquid solvents. For example, ‘the price/performance
ratio of existing ionic liquids is still insufficient to compete with existing commercial solvents at a rate
of ~1000 S/kg’ [19].

2.3. Manifestation of Calcium looping, Cal

This method is an improved version of Carbonate Looping. Calcium looping removes CO, ‘from
the exhaust of a coal-fired electrical power station, generating a pure stream of CO, ready for
geological sequestration’ [20]. The calcium looping CCS system uses CaO ‘as a regenerable sorbent
of CO,’ [12]. The basic process involves a very high heat in the calcination of solid calcium. This allows
for thermal decomposition into a gas form of CO, and solid form of CaO, giving a stream of carbon
dioxide which is purified and ready for use/storing [20]. This ‘calcination’ part of the process is also
accompanied with a ‘carbonation step’ [12], which is a similar reaction but in reverse [20] and allows
for the carbon dioxide level to be reduced within the flue gas. Both steps use extremely high
temperatures of up to 900°C [12]. Updates to the Calcium Looping method include a possibly
different material in order to improve the operation of this system [12]. Post-combustion Calcium
Looping has been successful in pilot plants [16], particularly in Spain. According to [17], calcium
looping is deemed as less toxic than amine scrubbing, so, a better option for mitigating toxicity. This
is likely due to the chemical used in amine scrubbing, as compared with the limestone used in Calcium
Looping [21]. As electrical power stations generate power, and this is the least toxic method of
‘decarbonation of power generation’ [22], this appears as the better solution. Further to this, it
doesn’t require a scrubbing tower, as with amine scrubbing, [20] and the sorbent is economical, cost-
wise. However, the CO, capture rate is comparatively lower at around 85% [23], and therefore, a less
effective method for electrical power stations to help mitigate climate change. Additionally, as the
process involves a direct reaction with calcium oxide, electrical power stations would require an
ability to produce large amounts of high purity oxygen [23] for this process, which may not be feasible
for every electrical power station. Electrical power stations would also need to pay the high set-up
costs for this particular CCS method. Nevertheless, there is potential going forward to improve this
CCS method and its running costs to make it more attractive for electrical power stations to
implement and utilise in the hopes of mitigating climate change.

2.4. Manifestation of direct air capture technology

This method is described as removal of CO, emissions from the ‘air and generating a
concentrated stream...for reuse’ [24]. The wet air capture type is ‘the most developed approach’ [12]
and uses ‘aqueous sodium hydroxide (NaOH)-based solutions’ (soda/lime), and the dry air type uses
‘solid organ amine- based adsorbents’ [24]. The most recent proposed change to the wet air capture
type is the one that ‘involves direct causticisation with titanates’ — requiring less energy [24].
Reducing the energy demand can lessen the mitigation costs [12] making it a better contender in the
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climate change mitigation tools. This type of CO, capture is extremely helpful in mitigating climate
change as it can be used to ‘adjust the atmospheric CO,’ in the event of ‘atmospheric greenhouse
gas inventory reaching dangerous levels’. Therefore, direct air capture may be able to reduce climate
change by literally altering the atmosphere and reversing atmospheric pollution to the environment.
Direct Air Capture ‘removes emissions from any part of the economy with ease’ and it ‘it permits
reduction in concentrations faster than the natural carbon cycle’ [24]. In more recent times, there
are more cars on the roads, and these are constantly creating emissions. Many researchers propose
that direct air capture could possibly be used for tackling this particular cause of worsening climate
change going forward [12,24]. However, one factor stopping this being implemented widely at
present is the high energy and monetary costs attached to this particular method, which could be an
issue for Electrical Power Stations. Researchers highlight the need to deploy other less costly
methods first as this is a very expensive option for mitigating climate change. Therefore, electrical
power stations should consider alternative methods and use this as the last option. [25] agrees with
this notion in that it sees Direct Air Capture as a ‘risky policy decision” with regard to high costs, and
also states that the transport sector is a better place for use of this technology. To clarify, Direct Air
Capture is not considered a great option for electrical power stations as they are ‘large fixed-point
sources’ and Direct Air Capture is better used for ‘global atmospheric concentrations’/large scale
removal [24].

2.5. Manifestation of Chemical-looping combustion

This method involves ‘oxidizing fuels without the direct use of either air or oxygen’ [26]. Using
this approach, ‘the fuel (usually natural gas), is oxidized by an oxygen carrier, which is then
regenerated by reaction in air’ [26]. The oxygen carrier that assign oxygen from combustion air to
the fuel meaning air and fuel do not directly contact each other [27]. There are ‘two inter-
connected fluidized beds, i.e. fuel reactor and air reactor’ [27]. Within the fuel reactor, there is
usually only CO, and H,0 and ‘slight production of nitrogen oxides (Nox), so that after condensation
of the water’ [28], there will be a pure stream of CO,. Research has shown that Ni is one of the
suitable options for the carrier and that this method is a ‘low cost CO, capture’ approach [28]. This
system of carbon capture and storage is deemed as the most energy-efficient form, as no energy is
‘expended for the gas separation’ [12] meaning almost all carbon is captured. Unlike Calcium Looping,
this method does not need large amounts of pure oxygen that ‘require higher power consumption
for CO, generation’ [27]. The lesser amount of energy required for this method means that there will
be no energy penalty for electrical power stations, and it is an attractive option for it to use in order
to mitigate climate change as an abundance of energy/costly equipment is not required.

CO, Can be effortlessly retrieved in this method ‘by condensation of the water vapor without any
extra cost’ [27], unlike CCS systems that use absorption. The performance of Chemical Looping
Combustion against Calcium Looping Combustion in coal-based power plants (power stations) was
analysed by [29]. It was found that Chemical Looping combustion was a more efficient system for
removing pre-combustion CO,. Nevertheless, both methods were more efficient than solvent-based
methods, and (i.e. capital and electricity) costs were lower. According to [30], out a 100% CO,, capture
rate for IGCC—CLC (Integrated Gasification Combined Cycle-Chemical Looping Combustion) post
combustion technologies. With the ‘modification of IGCC—CLC into CDCLC (Coal Direct Chemical
Looping Combustion) tends to increase the net electrical efficiency by 4.7% while maintaining 100%
CO, capture rate’ [30]. Therefore, to mitigate climate change, this is a very effective CCS system, as
it is energy-efficient and has lower cost compared to other systems. As energy-efficiency is more
environmentally-friendly. Recently, there has been a research [31] on this method carried out into
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scaling up this technology, the use of different materials for the carrier, and CLC with the use of solid
fuels. In which, the fuel is introduced to the fuel reactor in a gaseous form where it reacts with the
oxygen carrier. The reduced metallic oxide will then be scattered in to the air reactor where it is going
to be oxidized and regenerated. When comparing this particular technology for CO, separation with
others discussed earlier in a power process with natural gas as the fuel, has a sufficient reduction in
the efficiency of 12-19% [32].

2.6. Manifestation of Oxy-fuel combustion technology

This is the leading method and most developed method. The process ‘involves burning the fuel
with nearly pure oxygen instead of air’ [33]. Further to this, ‘in order to control the flame
temperature, some part of the flue gas is recycled back into the furnace/boiler’ [33]. The main
concept is that it uses nearly pure oxygen, meaning that the final flue gases is mostly concentrated
in CO, and water and easier to purify/store. During the boiler stage of this process (where oxygen
and fuel is heated), the steam produced can be used to power the turbines. According to [4] concedes
that it is the most promising CCS method as ‘due to the high flue gas CO, concentration, it does not
require C0O, separation’. This avoids power station losses, in terms of efficiency. This method also
allows for lower equipment and costs for operation as with this method ‘four-fold reduced flue gas
volume’ occur by using oxygen for combustion instead of air. According to [29], they discovered Oxy-
fuel Combustion in combination with IGCC (integrate gasification combined cycle) that can reach a
CO, capture rate of 99% and better efficiency [34]. This means that the power station could be almost
completely free of CO, emissions, resulting in a very little negative impact on climate change.
However, this idea based on future IGCC plants and does not take consideration into approaches for
existing power stations. It implicates that by the recycling of the flue gases (RFG), which is a key
element of Oxy-fuel Combustion, realistically ‘increases the cost of the process’ [35]. Though,
remaining CO; can be purified at a lower cost by using a cryogenic air separation unit to allow ‘high
purity oxygen to be mixed with RFG (Recycling Flue Gases) prior to combustion to maintain
combustion conditions’ [35]. These materials will then be able to tolerate elevated temperatures.
Although this is a promising method but the perceived costs vary greatly, especially between
different counties [36]. Nevertheless, this system requires the power station to have a ‘recycle loop,
CO, purification’ and cause an energy penalty because of ‘the requirements of producing O, and
compressing CO,’ [12]. Plant efficiency was reported to be reduced [36]. Therefore, although it is
deemed as the most interesting method to date, it still has many drawbacks that make it an
unattractive option for mitigating climate change.

2.7. Manifestation of Oxy-fuel Circulating Fluidised Bed Combustion (CFBC)

This method is similar to Oxy-fuel combustion, but the difference is that it involves circulating
fluidised bed combustion (CFBC) [12]. The process involves ‘the fuels being burned in a turbulent bed
of an inert material, thus ensuring high heat transfer rates, and good solid mixing.” [12]. However,
unlike Oxy-fuel combustion, where '70-80% of the flue gas must be recycled, lower levels of flue gas
recirculation are possible’ [12] allowing for flexibility in size of the system. Therefore, higher cost
savings. This method is currently widely used in the power industry [12] and there have since been
many pilots of this approach for CO, capture, with numerous experimental results on emissions, etc.
There is also a demonstration unit of this system in Spain, with plans to build a larger scale unit [36].
It is so far a good indicator of the performance of this method. A successful 3-year O,GEN project
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developed a 2nd generation oxy-fuel circulating fluidized bed power station and focused on ‘higher
oxygen concentrations with the aim of decreasing flue gas recirculation and the energy penalty’ [37].

The air separation and also the compression and purification components were improved and as
a result, energy consumption was reduced. Another area of improvement was the efficiency, which
was achieved through integration methods. This was a key milestone for Oxy-fuel CFBC. Foster
Wheeler, who is known for bringing CFBC to commercial level is currently involved with ENDESA to
develop a supercritical CFBC that will capture 90% of CO, emissions [3]. Therefore, this is an improved
version of Oxy-fuel combustion, and has many advantages such as cost savings, reduced energy
consumption, improved efficiency. Thus, the reduced energy consumption, specifically, will have an
improved impact on the environment.

2.8. Manifestation of Low temperature adsorbents

As CO, capture systems usually are associated with requiring extremely higher temperatures,
there have been proposals for low-temperature means for capturing CO,. The high temperatures
were associated with certain drawbacks. The proposed low temperature adsorbents proposed
needed to take into consideration the possibility of performance loss, cycle time, hydrothermal
stability, cost of equipment, and more [12]. Some proposed adsorbents include zeolites [12] with
‘values of the C0O, uptake between 2 and 3 mol/kg at 0.1 bar, at temperatures between 15 and 35
°C.” However, if there is water present, the adsorption performance can be reduced [12]. MOF's,
Mesoporous silicas, and carbon-based adsorbents were also proposed, and testing at pilot plants
have taken place to determine the effectiveness of the low temperature adsorbents with regards to
CO, capture of more than 90% [12].

3. Manifestation of combustive waste heat energy recovery

There is an increasing interest in harnessing the combustive waste heat energy into a smaller
portion of electrical energy by utilising the thermoelectric Peltier modules [38]. However, current
research tends to focus more on the thermoelectric materials of the system rather than the design
of the system itself. They can be used anywhere where there is wasted heat energy, for example
electric vehicles and coal-fired or nuclear power stations. The working principle and primary
materials are reported elsewhere [39]. It is pertinent to mention that the energy conversion
efficiency with thermoelectric system still needs improvement. Also, a greater potential can be
realised with the use of phase change material for storing the waste heat for useful purpose,
specifically for the charging of electric vehicles [40,41,42] that subsequently improves the overall
charging efficiency. The latest developments include nanomaterials [7], but these are still in the
development stage, and system design improvements such as thermoelectric material volume and
weight. If higher efficiency thermoelectric systems are manufactured with the progressive
technologies such as vacuum thermoelectric then the scope of it can be integrated to coal-fired
electrical power stations in conjunction to CCS that will improve overall operational and conversion
efficiency. Organic Rankine cycle unit typically recovers wasted heat and transforms it into electricity.
It is a variation of the Rankine Cycle Unit. There is also a Supercritical Rankine Cycle Unit that involves
supercritical fluid [43]. The difference with the Organic Rankine Cycle Unit system is that it uses an
organic fluid and it can also potentially be used in power stations. The process of this system involves
this fluid evaporating inside the boiler, before ending up in an expansion device or heat exchanger.
One particular article [43] states that ‘in the conversion of low temperature heat into electricity the
greatest efficiency is obtained in many cases by using an Organic Rankine Cycle (ORC)’ and looks at
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whether the process is possible with high temperature applications and a change in design using a
high-speed oil free turbogenerator-feed pump instead. It is an ongoing effort to invent different
possible fluids that impact on their performance. According to [44], ‘the system efficiency increases
and decreases for wet and dry fluids, respectively, and the isentropic fluid achieves an approximately
constant value for high turbine inlet temperatures’ [44]. Although this system can recover wasted
heat energy from thermal processes carried out by industrial power stations and various other places,
it has been heavily researched within vehicle applications. According to [45], a well-designed Organic
Rankine Cycle system to internal combustion engine can effectively improve the overall energy
efficiency and reduce emissions with around 2-5 years payback period through fuel saving. However,
this system would need to be tailored to use in electrical power stations to ensure it is as effective as
possible.

4. Ambivalence of quantum-dot & organic solar cells durability
4.1 Organic solar ‘photovoltaic’ PV cells

Currently, organic materials used in solar cell comprise of conducting polymers, dyes, pigments,
and liquid crystals [46]. Subsequently, the conductive polymers are also known for their best photo
physical properties, conjugated polymers and molecules have their enormous advantage of
simplicity. In addition, chemical modification to alter their properties such as the band gap. Molecules
with larger molecular weight (>1000amu) are referred as “polymers” [47]. Depending on their
molecular structure and chemical composition, polymers can in principle be soluble or insoluble in
common solvent organic solar cell conveys carbon-based materials as main constituent of its device
rather than silicon. Organic photovoltaics (OPV) is made of compounds mass-produced as a thin roll
of plastics [48], with the possibility of storing more solar cell than the predecessors, this recent
innovation have paved a new drive in organic photovoltaic technology which would be further
combined either with dye sensitized or Quantum Dot [49]. There are four important processes in an
organic photovoltaic cell: absorption of light; charge transfer and separation of opposite charges;
charge transport and; charge collection [50]. These must be optimised to obtain higher conversion
efficiency. More significantly, organic semiconductor can be processed from solution at or near room
temperature on a flexible substrate by simple, cheap and low-energy deposition method, such as
spin or blade capacity there by yielding cheaper devices, which have to be sealed up to build larger
system or seal down to build smaller system. Its unit are in megawatts range or mini range [50]. The
normal silicon solar cell technology has aged to a point where by cost discount are generally foreseen,
only by the economical measure to rate when compared in calculation to thin film photovoltaics
technologies. On the other hand, it situates OPV in no extra or less in the same line with the normal
silicon technology. To bridge the gap of economic difference, this create an urgent attention to rectify
such with latest revealed technology and the notion for photovoltaic conversion, to reduce the price
of solar cell. Present literature [51] worked towards cost reduction by enhancing the device
architecture by the use of various semiconductor material such as, silicon, gallium, cadmium,
telluride, indium phosphide, arsenide, etc. Considering other proven research making silicon the
best-developed solar cell technology, their commitment has proven its level of efficiency to 25% with
crystalline silicon material.

Organic PV, or OPV, cells comprises of carbon-rich polymers and can be designed to improve a
precise function of the cell, such as sensitivity to a certain type of light [50]. This technology has the
logical potential to deliver electricity at a reduced cost than silicon or thin-film technologies. OPV
cells can only be considered as half-competent to crystalline silicon and have smaller beneficial
lifespans, but could be less costly to produce in high volumes [52]. They are applicable to a diversity

47



International Journal of Solar Thermal Vacuum Engineering
Volume 2, Issue 1 (2020) 40-58

of supporting materials, making OPV able to serve a wider assortment of uses. Most semiconductor
polymers have a power gap greater than 2.0eV (620nm), this limits the absorption of solar photons
around 30%. Recent advances are of the use of carbon nanotubes and fullerenes, graphene as a type
of nanostructured material [52] that have been considered highly promising in many applications of
OPV due to its excellent electronic optical thermal and mechanical properties.

4.1.1 working principle

It is well known that the intensity of solar radiation attaining on the atmosphere of earth is
approximately 1353 kW/m? at the emitted radiations from the sun’s photosphere at 6000 K
temperature [53]. Ultraviolet (UV)-visible part from the sun light is a phenomenon present in organic
photovoltaics that contributes about 10% of the total light output of the sun, majorly organic
semiconductor is able to convey electric current and absorb light. This pose a unique difference to
the present-day inorganic semiconductor materials [50]. The charge movement of organic materials
at numerous extents is reduced as compared to that of inorganic compounds. A slow movement in
organic semiconductor are partly composed by their relatively strong absorption coefficient (i.e. >
10° cm' 1), which permit large absorption in < 100nm thick devices [54]. Another great dissimilarity
between organic and inorganic semiconductor is that in inorganic materials light absorption (primary
photoexcitation) generates free charges, separated at junction. While in organic materials, the result
of the photoexcitation are electron hole pairs called Exciton. The Exciton are neutral excited states,
with typical binding energy from 0.05 to > 1 eV [48,54]. The Exciton diffusion length is typically 5-
15nm; this is also in line towards their route of diffusion between decaying either radioactively or
non-radiatively to ground state. In order to distinguish disordered organic materials and organic
materials during photoconversion, organic solar cell operate in drift mode, while the functioning of
crystalline silicon works on devices based on diffusive mode. Germinate pairs, describes the whole
conversion process of sunlight into electricity by organic solar cell through intermediate charge
separation approach. This requires strong application of electric field in order to split into free charge
carriers [11]. This summary the five basic photovoltaic process which is made up of the following:
photon absorption, with the formation of an excited state i.e. electron hole pair, exciton migration
to a diffusion zone, charge separation takes place, charge transport to respective electrodes and
collection of the charges by the electrodes.

4.1.2 Architectures

The variation between the normal organic solar cell architectures lies usually in exciton splitting
process. This takes place at different locations within the photovoltaic layer consists of single, bilayer
heterojunction, multilayer heterojunction and bulk heterojunction.

4.1.2.1 Single layer

A single organic layer, typically thermally evaporated, sandwiched between two metal electrodes
with different metal electrodes with different working function. The charge separation requires a
Schottky barrier at one of the organic electrode interfaces and the generated electric field is seldom
sufficient to dissociate the Photogenerated excitons [48]. However, electrons tend to recombine with
holes rather than to reach the electrode, its efficiency is 0.3% around the holes rather than to reach
at the electrode. Its efficiency can be resolved with the introduction of multilayer organic
photovoltaics.
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4.1.2.2 Bilayer heterojunction

The concept of Tags cell is a bilayer device with efficiency of 1%, where donor / acceptor material
is stacked together to form an organic heterojunction. A proper alignment of the energy levels
between the donor and acceptor layer is fundamental for efficient exciton dissociation, the bilayer is
sandwiched between two electrode whose working function match the donor HOMO and LMU, to
facilitate the extraction between respective electrode. An advantage of bilayers as compared to
when single cell is monomolecular charge transport after the exciton disassociation. In this, electron
transport through the n-type acceptor (electron transport layer ETL) and hole through the p-type
donor material (hole transport layer HTL), which allows effective separation of the charge, with great
reduction towards charge recombination [55]. A bilayer solar cell can be extracted with several
heterojunctions introduced in a cell that could be led to the so-called multilayer solar cell, where
additional layers are added to the donor and acceptor. This layer does not improve photocurrent
generation, but perform a different function in the cell, using buffer layer as keynote, it encourages
hole (electron) accepting/transport/blocking properties [56].

4.1.2.3. Bulk heterojunction

Bulk heterojunction is an interpenetration network of both phases in a mixed form. When surface
area of the interface increases, the exciton can dissociate within the bulk. This process changes the
two-dimensional interface of the bilayer approach being exchanged by a three —dimensional
interpenetration network. Its first efficiency was 1% but currently from findings have been improved
between 4% to 7.9%. The key interest arises in their reasonably high efficiency, low-cost and easy to
fabricate features [57]. The readiness of this takes the processing techniques such as spin-coating,
doctor blading, screen printing, inkjet printing and spray coating, this printing techniques. These are
considered as one of the most alternative method, since it enables roll-to-roll fabrication of flexible
material with large area while thin mechanics and operation principle are complex and not
completely verified yet the preparation is simple.

4.1.2.4. Buffer layers

Considering the difficulty encountered between the interface of organic materials and electrode,
due to the charge carrier transport. In order to enhance it, a broadly used resolution is to introduce
a thininterlayer, called buffer layer, these have numerous functions [54,57]. Between them, it adjusts
the electronic performance of the adjacent materials; it guards the organics from the diffusion of the
electrode, and hinder the untimely drop of oxygen and / or water molecules.

4.1.3. Characteristics

e Photogenerated excitation (‘excitons’) are strong bounds and do not spontaneously
dissociate into charge pairs. (Dissociates require an input of energy of ~100 meV to a few meV
for a crystalline semi-conductor. This means that carrier generation does not necessarily
result from the absorption of light.

e Charge transport proceeds by hopping between localized states, rather than transport within
a band, and Mobility’s are low.

e The spectral range of optical absorption is relatively narrow compared to the solar spectrum.
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e Absorption coefficient are high £ 107 cm "V so that high optical densities can be achieved, at
peak wavelength with films less than 100nm thick.

e Many materials are susceptible to degradation in the presence of oxygen or water.

e As one-dimensional semiconductors, their electronics and optical properties can be highly
anisotropic. This is potentially useful for device design. [49].

The initial throw above due to intermolecular van der Waals forces in organic solids are weak
compared to bonds in inorganic crystals and much weaker than the intramolecular bonds. Low
mobility is ‘made worse’ by the high degree of disorder present in many organic solids [49]. The
optical excitations accessible to visible photons are usually rt-to-mt transitions. Most conjugated solids
absorb in the blue green; absorption in the red or infrared is header to achieve. However, the
absorption bandwidths depend on the degree of conjugation and wider spectral sensitivity can be
achieved in highly conjugated dye molecule.

Following properties impose some constrain on organic photovoltaic devices [58].

e A strong driving force such as an electric field should be present to break up the
Photogenerated Exciton.

e Low charge carrier mobility’s limits the useful thickness of devices.

e Limited light absorption across the solar spectrum limits the photocurrent.

e Very thin devices mean interference effect can be important [59].

e Photocurrent is sensitive to temperature through hopping transport.

4.2. Quantum-dot solar cells

A Quantum Dot solar cell is described as a solar cell that incorporates quantum dots as its
absorbing photovoltaics material. It was invented as a medium to replace bulk materials such as
silicon, copper, indium gallium selenide (CIGS) or CdTe. Quantum dots exhibits band gap that are
tunable across wide range of energy range by varying the dots’ size. This property makes quantum
dot outstanding and beneficial for multi-junction solar cell, which enables its different ranges to
enhance efficiency, through harvesting multiple portions of the solar spectrum. Quantum dots are
semiconducting element that have been made smaller in size to exciton Bohr radius and due to
guantum mechanics consideration. Quantum dots can also be referred to as artificial atom [60].
Exciton are that carriers that generate the resultant quantized energy level. This action is being
created by the combination of electrons and holes; the excitation is achieved below the bandgap
energy. Quantum refinement effect represents behavioural variation into strong and weak stages of
confinement of huge material dimension breakdown, to a lesser specific size approaching Exciton
Bohr, diameter in relation to degree of coupling with electron and hole Exciton [58].

There are two constituents in the quantum technology that are the practical quantum revolution
and the guantum mechanics revolution. The first being practical expresses the importance of
Miniaturization i.e. to develop devices to the simplest most reduced state [49]. The essence is to help
create devices with length-scales of nanometres that corresponds to the same scale as plank’s
constant based on quantum principle. The second quantum revolution reminds us about the
necessity of to utilize our scientific mind set to manipulate our naturally endowed resources seen
within us and turning it into how we want. The need for second quantum revolution through the aid
of quantum mechanics contributes enormously towards human mind development to wisely make
decisions to reface its environments through Quantum technology to redesign and fit into its
environment. This latest technology could be ascribed to the latest invention ranging from
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development of vacuum insulated glazed windows for zero energy buildings, electric vehicles, mobile
devices and etc.

4.2.1 Techniques to establish quantum dot.

Typically, there are four techniques that can be utilised to establish quantum dot. The
transmission electron microscopy is one of the existing methods of quantum dot to perform visual
imaging or micrograph at the nanometre is in the transmission electron microscope (TEM). The TEM
operates with electron instead of photons, but exhibits same operational method as optical
microscope, with condensing and objective lenses, observing the justified resolution of a TEM image,
can be as high as 1.5A, most semi-conductors applicable are Ge and ITO [61]. These two
semiconductors matrix represents ITO, poly crystalline nature in view, while the darker region
represents the Ge quantum dot. However, an image alone is not enough to estimate micrographs
average quantum dot size and size distribution, it is assumed misleading most often by factors lacking
sufficient picture of structure affects the result of getting good size distribution of TEM image. The
optical absorption technique involves the direct measurement of band gap energy in semiconductor
elements with a similar principle of TEM. This technique, as recalled. the predicted blue-shift in the
band gap energy by reducing confinement measurement. It also compares the shift between
germanium Ge, stating that its effect does not affect semiconductors such as cadmium telluride while
comparing the shift of its optical band edge at 0.5eV. Raman vibrational spectroscopy work with a
method called Raman’s effect invented in 1928, this could be defined as elastics scattering of light by
matter. Due to the change in the incident energy is determined by the type of molecule present, the
scattered radiation from a sample can be collected and used to help characterise bonding length,
strength, and type of molecular bonds inherent in a sample. It is also applicable in monitoring for
monitoring the crystalline of material. Raman can be beneficial tools in analytically supporting the
existence of quantum confinement effect in quantum dot films, it measures films that contain stress.
Photoluminescence spectroscopy is an experimental measurement to probe the energy level in a
guantum dot. It uses laser, tuned to appropriate wavelength; it lets the stick measurement of the
change energy states present in the quantum dots [62]. Another benefit of this approach is to
regulate the energy state existence in the fabricated structures. One of the recent developments is a
Phosphate Buffered Saline (PbS) Quantum Dot that achieved about 3.88% power conversion
efficiency with 22% average light-transmittance and with Molybdenum trioxide (MoOs) achieved
5.4% power conversion efficiency with 24.1% average light-transmittance.

Current research issues are substitution/compromises between electrical power conversion
efficiency and average visible light transmittance. However, improving average light-transmittance
decreases electrical power conversion efficiency and vice versa. A selective wavelength based single
junction transparent photovoltaic film has a theoretical Shockley-Queasier (SQ) limit of 20.6% [63]
conversion efficiency at 100% average visible light transmittance and the conversion efficiency can
be increased by adding junctions. However, glass sheet alone has about 92% average visible light
transmittance [64,65], and a typical double air-filled [66,67,68] or vacuum glazing [69,70] has
approximately between 70 % and 80% average visible light transmittance [71] and it would drop to
70% with the application of a low emissivity (low-e) coating to further reduce the radiative heat
transmission. However, the low-e coatings can be avoided or replaced with transparent PV film as
the initial research suggests it would not make a huge impact on the thermal transmittance values
[72,73,74] since vacuum insulation would be an advantage irrespectively.
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4.2.2. Applications

A composite film with enhanced quantum dot loading effect that make the film highly
transparent and options of tunability of its colour spectrum make the quantum dot solar cells highly
attractive. Specifically, nowadays, there is a huge focus going on developing more energy-efficient
transparent photovoltaic films with vacuum insulation [75-79] and the main focus is to improve both
the transmission of visible light whilst maximizing the wavelength selective absorption of ultraviolet
(UV) and near-infrared (NIR) light spectrum for power conversion. The future applications of this
progressive technology will be of developing transparent films for vacuum insulated glazing
[76,80,81], translucent vacuum insulation panel [75] and triple vacuum glazing [82,83] for the
purpose of retrofitting [80] it and/or replacing traditional windows with vacuum insulation that will
prove an enormous cost saving while modernising the buildings in this 215t century for the reduction
of energy requirement and improving the power generation with least compromise of the light-
transmittance.

5. Conclusions and future work recommendations

This study provides abridged review of the manifestations of carbon capture & storage systems
and the ambivalence of quantum-dot & organic solar cells. Following are the summary of the
conclusive remarks:

(i)  This research implicates that CCS system is evolving in capturing CO, emissions over the next
50 years. Improvements are believed to achieve a norm to be employed by all coal-fired
electrical power stations to further mitigate climate change. CCS systems are ideally a great
way of capturing CO,that is emitted from a typical coal-fired electrical power stations, in
order to prevent them from adding to the emissions that enter the atmosphere either in pre-
combustion or post-combustion stages. Although, different manifestations are discussed for
capturing and storing the CO,.

(ii)  As it currently stands, based on the different CCS systems discussed in this paper, the best
method for mitigating climate change with use of CCS within coal-fired electrical power
stations is difficult to conclude as each method has its benefits and drawbacks in terms of CO,
capture rates, operating costs, toxicity and energy efficiency. For example, Chemical Looping
Combustion appears to be the more energy efficient than Oxy-fuel CFBC and lonic Liquids,
and less expensive than Calcium Looping and Amine Scrubbing. Calcium Looping (Cal) and
lonic Liquids are also less toxic than Amine Scrubbing. The use of chemical solvent in Amine
Scrubbing could be problematic but is very effective at removing CO, emissions, although
lonic Solvent technologies actually counter the need for using amine chemicals. Direct air
technology is also very compelling at capturing CO, emissions, but it is highly expensive
system for electrical power stations and not a cost-effective option. Chemical-Looping
Combustion has been shown to achieve an 100% capture rate when combined with IGCC so
could be argued to be the most effective CCS technology. The research undertaken in this
paper shows that it is challenging to find an appropriate picture of costs, especially as much
of these are estimated — because of the fact that these systems have not been widely used in
electrical power stations and improvements are still being made. There have been pilots and
trials of these systems, but it is clear that more research is needed. A lot of the research is
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(iii)

(iv)

very bespoke and delves into other areas such as the use of these systems specifically with
vehicles or with use of other emissions, use in other counties, etc.

Nevertheless, it is abundantly clear that further research is still required for all CCS systems
to be able to implement them widely in existing/new electrical power stations, with regards
to improving their costs/performance. Combustive waste heat energy recovery systems also
play a role besides CCS mitigating climate change as the different systems prevent any wasted
heat energy from affecting the environment. Instead, they allow the wasted heat energy to
be re-used possibly as a power source for the electrical power station. Although,
thermoelectric is a great method, research has heavily hinted that organic Rankine cycle units
can improve energy efficiency and reduce emissions. Waste heat energy recovery systems
can be used in conjunction with CO, capture systems for further reduction of emissions
impact from electrical power stations on climate change.

The ambivalence of quantum dot and organic solar cells are briefly reviewed. It implicates
that composite film with enhanced quantum dot effects will make the film highly transparent
and options of tunability of its colour spectrum make the quantum dot solar cells highly
attractive to vacuum insulated glazed windows and translucent vacuum insulation panels.
Organic solar cells are carbon-rich polymers and can be designed to improve a precise
function of the cell, such as sensitivity to a certain type of light. OPV cells can only be
considered as half-competent to crystalline silicon and have smaller beneficial lifespans, but
could be less costly to produce in high volumes. Current research issues are
substitution/compromises between electrical power conversion efficiency and average
visible light transmittance. However, improving average light-transmittance decreases
electrical power conversion efficiency and vice versa.
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